Many tumors are associated with deficiency of the tumor suppressor, PTEN, a PIP3 phosphatase that turns off PIP3 signaling. The major site of PTEN action is the plasma membrane, where PIP3 is produced by PI3 kinases. However, the mechanism and functional importance of PTEN membrane recruitment are poorly defined. Using the heterologous expression system in which human PTEN is expressed in Dictyostelium discoideum, we defined the molecular mechanisms that regulate the membrane-binding site through inhibitory interactions with the phosphorylated C-terminal tail. In addition, we potentiated mechanisms that mediate PTEN membrane association and engineered an enhanced PTEN with increased tumor suppressor functions. Moreover, we identified a new class of cancer-associated PTEN mutations that are specifically defective in membrane association. In this review, we summarize recent advances in PTEN-membrane interactions and methods useful in addressing PTEN function.
Introduction
The PIP3 phosphatase, PTEN, converts PIP3 to PIP2. Because PIP3 is a potent signaling lipid that stimulates cell proliferation, survival, and migration, PTEN plays a key negative role in PIP3 signaling ( Fig. 1 ) [1] [2] [3] . Defects in PTEN abnormally enhance PIP3 signaling and contribute to many human cancers. PTEN consists of four domains, including the N-terminal lipid-binding domain, which interacts with PIP2 in vitro; the phosphatase domain; the C2 domain, which binds to phosphatidylserine; and the C-terminal tail region ( Fig. 2A ) [4] [5] [6] [7] [8] [9] . It has been suggested that the N-terminal lipid-binding and C2 domains mediate interactions of PTEN with phospholipids in the plasma membrane [6, 7, [10] [11] [12] [13] [14] . However, human PTEN is mainly present in the cytosol, without clear enrichment at the plasma membrane (Fig. 2C) [4, 15] . It is poorly understood how PTEN is recruited to the plasma membrane to access its substrate. To address this important question, we have developed an experimental platform using the social amoeba Dictyostelium discoideum [10, 11, 16] . The domain structure and function of PTEN are conserved in Dictyostelium and human cells (Fig. 2) . Interestingly, Dictyostelium PTEN are more stably associated with the plasma membrane compared to human PTEN (Fig. 2C) , likely due to the lack of the phosphorylation sites in the inhibitory C-terminal region, as discussed in Section 2.4 -Identification of mutations. Similar to PTEN-defective human cells, PTEN-null Dictyostelium cells dramatically increase PIP3 levels, leading to alterations in cell proliferation, differentiation, and chemotaxis [17] [18] [19] . These phenotypes are fully rescued by ectopic expression of human PTEN [10, 11, 14] . The use of Dictyostelium enabled us to define mechanisms underlying the localization, activity, and function of human PTEN. Here, we will discuss useful methods to study human PTEN in both Dictyostelium and human cells.
Screening for PTEN mutations that increase membrane association
To define mechanisms for PTEN membrane recruitment, we took an unbiased genetic approach to collect mutations that promote association of human PTEN with the plasma membrane. We expressed a pool of mutant PTEN-green fluorescent protein (GFP) fusion proteins in Dictyostelium cells. As a platform to screen human PTEN localization, the Dictyostelilum system has the following advantages: (1) we can use PTEN-null cells to differentiate potential effects of interactions with endogenous wild-type PTEN on the localization of mutant PTEN; (2) cloning of cells that express individual PTEN mutants is straightforward after visual inspection of PTEN-GFP localization; (3) DNA can be efficiently recovered from small numbers of cells to identify mutations in PTEN; (4) once we identify PTEN mutants, we can test their functions in PTEN-null cells.
Generation of a plasmid library
To generate a plasmid library containing a large number of human PTEN variants with a wide range of mutations, we randomly mutagenized human PTEN cDNA (UniProtKB P60484) by errorprone PCR using a Diversity PCR random mutagenesis kit (Clontech) [10] . We optimized the PCR conditions to obtain an average of 5.5 mutations per PTEN molecule. The PCR products were cloned into the Dictyostelium expression plasmid pKF3, which creates GFP fusion proteins with mutant PTEN, and electroporated into MegaX DH10B competent cells (Invitrogen). We collected more than 120,000 bacterial colonies. Because PTEN cDNA contains approximately 1200 nucleotides, we estimate the probability that each nucleotide can be mutated $550 times (120,000 colonies/1200 nucleotides Â 5.5 mutations) [10, 11] . We confirmed the expected random distribution and diversity of mutations by sequencing ten of the plasmids. Plasmids were extracted from bacteria and pooled to create the PTEN library. We electroporated the library into PTEN-null Dictyostelium cells and selected transformants in HL5 medium (10 g/L glucose, 10 g/L proteose peptone, 5 g/L yeast extract, 5 mM phosphate buffer, pH 6.5) supplemented with 10 lg/mL G418 for 5 days [18, 20] . To ensure screening of a large number of mutated-PTEN-GFP plasmids, we collected and pooled more than 20,000 colonies of Dictyostelium cells. These transformants were further cultured, with shaking, in HL5 medium in the presence of 20 lg/mL G418.
Isolation of PTEN mutants
To visually inspect the localization of PTEN, we plated Dictyostelium cells expressing mutagenized human PTEN-GFP on 96-well optical plates (Thermo Scientific) at a density of 1000 cells/well [10] . After 3 days, we replaced the culture medium with DB (2 mM MgSO 4 , 0.2 mM CaCl 2 , 10 mM phosphate buffer, pH 6.5) and examined the localization of PTEN-GFP under a Zeiss HAL100 epifluorescence inverted microscope equipped with a 40Â objective. This step decreased autofluorescence-derived from the HL5 medium. We handpicked cells with increased membrane localization of PTEN-GFP using a P200 pipetman and transferred them to new wells. We repeated this purification process and re-examined the localization of PTEN to increase the homogeneity of cell population. In typical experiments, we repeated this enrichment process three times to obtain more than 50% of cells with increased membrane localization. To further isolate single clones, we plated cells at low density (50-100 cells per 10 cm plate) on SM agar (10 g/L glucose, 10 g/L proteose peptone, 1 g/L yeast extract, 1 g/L MgSO 4 Á 7H 2 O, 20 mM phosphate buffer, pH 6.5, 15 g/L agar) with the bacterium Klebsiella aerogenes. This step allowed each Dictyostelium cell to form a single plaque on the bacterial plate. After 5 days, we transferred cells from individual plaques to the optical plate and confirmed the enhancement of membrane associated PTEN-GFP. From $20,000 visually inspected Dictyostelium colonies, we isolated 18 clones that have increased robust membrane association of PTEN-GFP [10, 11] .
Quantification of PTEN subcellular localization
To quantitatively assess the localization of PTEN, we placed Dictyostelium cells expressing PTEN-GFP on eight-well chambered coverglasses (Lab-TekII, Nunc) and captured fluorescence images under a Leica DMI 6000 inverted microscope equipped with a 63Â objective and a CoolSNAP EZ camera. Fluorescence intensity of PTEN-GFP at the plasma membrane and nucleus was determined relative to that in the cytosol by measuring average fluorescence intensity in 1 pixel area from three different positions in each compartment. Background fluorescence intensity was subtracted from each measurement [10, 11] . We used DAPI staining to identify the nucleus. Wild-type human PTEN showed values of approximately 1, whereas mutant PTEN, with increased membrane association, showed 2-5-fold increases. To determine whether the localization of PTEN-GFP observed in Dictyostelium is conserved in human cells, we subcloned PTEN-GFP into the mammalian expression vector pcDNA and transiently transfected human embryonic kidney 293 (HEK293T) cells. HEK293T cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Invitrogen). Cells were incubated for 24 h before observation. We similarly quantified the distribution of PTEN-GFP in HEK293T cells. Essentially, all mutant PTEN-GFP tested showed similar localization in both Dictyostelium and HEK293T cells, suggesting that mechanisms that control the subcellular distribution of PTEN are highly conserved and that Dictyostelium cells provide a powerful system to study the localization of human PTEN [10, 11] .
Identification of mutations
To identify mutations that increased membrane localization, we isolated DNA from Dictyostelium cells grown to confluence in 6-well plates ($1 Â 10 6 cells) [10, 11] . We PCR-amplified the human PTEN gene and sequenced the PCR products. Because virtually all mutant PTEN molecules contained multiple mutations, we separated these mutations using subcloning and site-directed mutagenesis. We re-expressed the resulting PTEN-GFP plasmids having fewer or single mutations in PTEN-null Dictyostelium cells. By examining the localization of the mutants, we determined which mutations cause increased membrane association ( Fig. 3 ) [10] [11] [12] . The mutations that recruit PTEN to the plasma membrane can be divided into four groups. The first group is located in the catalytic domain, with substitution of Cys124 by either arginine or serine. These mutations have been reported to strengthen interactions of PTEN with PIP3 due to creation of enzyme-substrate intermediates [7] . However, we found that PTEN C124R is still bound to the plasma membrane, even after depletion of PIP3, suggesting that this increased membrane interaction is independent of PTEN-PIP3 associations [10] . The second group of mutations is located in the C-terminal phosphorylation sites. Phosphorylation of this cluster increases interaction of the C-terminal and core regions of PTEN, masking the membrane-binding site in the core region. Mutations, blocking phosphorylation, release this inhibitory mechanism and open the conformation of PTEN, allowing PTEN to interact with the plasma membrane. The third group is located in the core region (R41G, E73D, N262Y, and N329H) and inhibits binding to the C-terminal tail [10] . The last mutation, Q17R, is located in the PIP2-binding region and introduces a positive charge [10, 11] . Although the exact molecular basis is currently unknown, addition of positive residues may stabilize association with negatively charged head groups of PIP2 through electrostatic interactions. 
Enhanced PTEN (ePTEN) with increased membrane association

Generation of ePTEN
Based on the information obtained from the screen described above, we designed PTEN molecules that maximize its membrane association (Fig. 3) [11] . We reasoned that the combination of opening the conformation by dissociating the core and tail regions and introducing the Q17R mutation may synergistically increase membrane association. To open the conformation, we used four mutations (R41G, E73D, N262Y and N329H) located on the surface of the core region. Mutant PTEN carrying those mutations and Q17R showed the strongest association with the plasma membrane observed so far, with an 8-fold increase compared with wild-type PTEN [11] . We designated this PTEN variant ePTEN [11] . The addition of the A4 mutation (C-terminal phosphorylation sites, S380, T382, T383, S385, are mutated to alanines) [6] [7] [8] 10, 11, 21, 22] to ePTEN did not further increase its membrane association; therefore the conformation may be fully open.
Function of ePTEN in PIP3 signaling
Demonstrating that increasing the membrane association of PTEN enhances its function, we found that ePTEN has increased activity in suppressing PIP3 signaling [11] . To observe PIP3 levels in cells using live-cell imaging, we expressed ePTEN-GFP together with a PIP3 biosensor, PH AKT -RFP, in HEK293T cells. In the absence of ectopic expression of PTEN, PH AKT -RFP accumulated at the plasma membrane in HEK293T cells, indicating high levels of PIP3. Upon expression, PTEN-GFP significantly lowered PH AKT -RFP signals at the plasma membrane. Remarkably, ePTEN-GFP decreased PH AKT -RFP to undetectable levels at the plasma membrane. Consistent with these results, immunoblotting analysis of phosphorylation of AKT at S473, which is stimulated by PIP3 [23, 24] , showed that ePTEN-GFP suppressed AKT phosphorylation more effectively than PTEN-GFP. To further test the function of ePTEN as an enhanced tumor suppressor, we expressed ePTEN in a breast cancer cell model, the MCF-10A PIK3CA knockin cell line, which expresses a constitutively active form of PI3K [25, 26] , and tested cell migration and proliferation. To examine cell migration, we measured serum-stimulated migration behavior, which depends on PIP3 signaling, in a Transwell migration assay [11] . We infected MCF-10A PIK3CA knockin cells with lentiviruses carrying PTEN-GFP or ePTEN-GFP. Five days after infection, cells were harvested, washed twice with PBS and resuspended in serum-free culture medium. 50,000 cells in 100 ll serum-free medium were plated in Transwell inserts of 24-well Transwell plates (Corning). 650 ll of serum-free or serum-containing medium was added to receiver wells. Transwell plates were incubated at 37°C with 5% CO 2 . After overnight incubation, we removed the medium in the inserts and gently wiped the inside of each insert using cotton swabs to remove cells that did not transmigrate. We examined the insert under a epifluorescence microscope and counted cells expressing PTEN-GFP that transmigrated. The percentage of cells that migrated was quantified by dividing the total number of migrated cells expressing GFP to the total number of cells expressing GFP plated per insert. Compared with negative controls, ePTEN-GFP significantly suppressed cell migration.
To examine cell proliferation, MCF-10A PIK3CA knockin cells were cultured in DMEM/F12 medium supplemented with 5% horse serum, 10 lg/mL insulin, 0.5 lg/mL hydrocortisone, and 0.1 lg/mL cholera toxin [25, 26] . Five days after infection with PTEN-GFP or ePTEN-GFP, cells were plated at the density of 100 cells/well on 96-well plates and cultured for 7-9 days. The number of cells was quantified in individual colonies that expressed PTEN-GFP under a epifluorescence microscope. ePTEN showed stronger inhibition for cell proliferation compared with wild-type PTEN.
Assays of human PTEN function
In vitro phosphatase activity assay
Because PIP3 phosphatase activity is essential for PTEN function, it is important to test whether isolated mutations affect the enzymatic activity of PTEN. Since it is easy to scale up to obtain large amounts of proteins from Dictyostelium cells, we purified PTEN and measured the activity using Dictyostelium cells expressing human PTEN-GFP [10, 11, 17] . Both Dictyostelium PTEN-GFP and human PTEN-GFP are fully functional. It is important to use the eukaryotic expression system to assess. PTEN's enzymatic activity since the phosphorylation of the C-terminal tail that regulates the association of PTEN core and C-tail is lacking in prokaryotic systems. We expressed wild-type and mutant forms of PTEN-GFP in Dictyostelium cells (10-50 mL of $5 Â 10 6 cells/mL in HL5 medium) and lysed cells in 1% Nonidet P-40, 50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10% glycerol, 0.1 mM EDTA, phosphatase inhibitor cocktail (Sigma) and protease inhibitor cocktail (Roche) [11] . PTEN-GFP was immunopurified using GFP-Trap agarose beads (7 ll) (ChromoTek). In typical experiments, we purified 0.5-2 lg of PTEN-GFP. We incubated PTEN-GFP bound to the beads (0.05-0.1 lg of protein) with a soluble form of PIP3 (3000 pmol in 25 ll), PIP3 diC8 (Echelon), for 30 min at 37°C. Release of phosphates from PIP3 diC8 was determined using a malachite green phosphatase assay (100 ll malachite green solution to 25 ll sample at room temperature for 20 min) (Echelon), and absorbance at 620 nm was read by a plate reader. We determined protein amounts by quantifying band intensity after SDS-PAGE and Coomassie Brilliant Blue staining. The phosphatase activity was normalized to the level of purified PTEN-GFP. We found that mutant PTENs with increased membrane association, such as PTEN A4 and ePTEN, showed higher phosphatase activities [11] . The increased activity is not due to increased accessibility to the plasma membrane, because the assay was performed using a soluble substrate in vitro. Instead, dissociation of the core region from the C-terminal tail exposes the catalytic domain, located in the core domain, to the surface of PTEN, increasing substrate accessibility to the catalytic center.
Use of PTEN A4 mutants to analyze membrane association
The function of PTEN is lost when it fails to associate with the plasma membrane. We, therefore, hypothesized that mutations blocking membrane association are likely tumorigenic. To test our hypothesis, we asked whether there are cancer-associated PTEN mutations that are defective in membrane association [16] . This simple question is difficult to address, because the majority of wild-type human PTEN is present in the cytosol [10, 11, 16] , and this precludes PTEN membrane dissociation of PTEN. To overcome this problem, we used PTEN A4 . PTEN A4 carries mutations in all four phosphorylation sites in the C-terminus and showed increased association with the plasma membrane. Therefore, dissociation from the plasma membrane can be easily observed by fluorescence microscopy. Many cancer-associated mutations are distributed throughout the PTEN molecule, and $40% are missense mutations [4, [27] [28] [29] [30] [31] . Most of these missense mutations inhibit PTEN's lipid phosphatase activity. However, there is a group of PTEN mutants that maintain its phosphatase activity [9, 32, 33] . We reasoned that these catalytically active mutants are good candidates for the loss of membrane association. To test this idea, we chose four mutations, S10N, G20E, L42R, and F90S, and individually introduced them into PTEN A4 -GFP [16] . We focused on these four mutations since previous reports have shown that these mutations do not block the PIP3 phosphatase activity and since they are located near the regulatory membrane binding interface we have identified [16] . We first confirmed that these mutations do not block PIP3 phosphatase activity. We then observed their distribution in HEK293T cells. Whereas the membrane localization of PTEN A4 -GFP can be clearly observed, the additional mutations completely blocked this localization. To test whether tethering these mutants to the plasma membrane reactivates their function, we introduced the myristoylation motif derived from the plasma membrane protein, PKBR1. Addition of membrane tethering rescued the function of the S10N, G20E, L42R, and F90S mutants, demonstrating that detachment from the plasma membrane is the primary defect in these mutants.
Assays of interactions between PTEN and its C-terminal tail
To analyze interactions between the core region and C-terminal tail of PTEN (PTEN 352-403 -YFP-FLAG), we set up an in-trans coprecipitation assay (Fig. 4) [7, 10, 11, 16] . We grew HEK293T cells in DMEM supplemented with 10% FBS in a 10 cm dish and transiently transfected the cells with the plasmid carrying PTEN 352-403 -YFP-FLAG or wild-type and mutant PTEN-GFP. After 24 h, we lysed the cells in 1 mL of lysis buffer containing 1% Nonidet P-40, 50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10% glycerol, 0.1 mM EDTA, phosphatase inhibitor cocktail (Sigma), and protease inhibitor cocktail (Roche). The lysates were cleared by centrifugation at 13,000 rpm in a tabletop microfuge for 20 min at 4°C. We also successfully used Dictyostelium to express wild-type and mutant PTEN-GFP. When Dictyostelium cells (1 Â 10 8 cells) were used, we prepared lysates in a solution of 0.5% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, phosphatase inhibitor cocktail (Sigma), and protease inhibitor cocktail (Roche). The lysates were then cleared by centrifugation at 13,000 rpm in a tabletop microfuge for 20 min at 4°C. We mixed the lysates containing PTEN 352-403 -YFP-FLAG (100 ll) and the lysates containing full length PTEN-GFP (500 ll). Next, we added anti-FLAG M2 beads (15 ll) (Sigma) to the mixtures and incubated for 2 h. The beads were washed twice in the lysis buffer, and the bound fractions were analyzed by SDS-PAGE and immunoblotting using antibodies specific to FLAG and GFP. Wild-type PTEN-GFP does not coprecipitate with PTEN 352-403 -YFP-FLAG because the core region is tightly bound to its own C-terminal tail [7, 10, 11, 16] . In contrast, PTEN A4 -GFP, in which C-terminal phosphorylation sites are mutated, preventing binding of the tail to the core region, strongly binds to PTEN 352-403 -YFP-FLAG. Thus, this assay allows us to define whether and how mutations affect intramolecular interactions between the core region and the tail of PTEN.
Evaluation of human PTEN function in Dictyostelium cells
In PTEN-null Dictyostelium cells, PIP3 signaling is overactivated, leading to defects in cell proliferation, differentiation upon starvation, and chemotaxis [18] . These phenotypes can be used to test the function of human PTEN, because ectopic expression of human PTEN can rescue these phenotypes of PTEN-null Dictyostelium cells [10] . For example, we tested whether human PTEN and its mutant forms can rescue the differentiation phenotypes. We transfected PTEN-null Dictyostelium cells with Dictyostelium PTEN-GFP, human PTEN-GFP, and mutant versions of human PTEN-GFP, and starved the cells. Upon starvation, Dictyostelium cells move toward cAMP, aggregate, and differentiate into multicellular structures called fruiting bodies, which consist of spore and stalk cells [34] . PTEN is necessary for chemotactic migration toward cAMP, and PTENnull cells are defective in aggregation and differentiation [18] . Cells in exponential growth were harvested, washed twice in DB (2 mM MgSO 4 , 0.2 mM CaCl 2 , 10 mM phosphate buffer, pH 6.5), and plated at 5 Â 10 5 cells/cm 2 on 1% non-nutrient DB agar for 36 h [35, 36] .
We observed cells under an Olympus SZ-PT dissecting microscope equipped with 6.3Â objective. Wild-type Dictyostelium and human PTEN rescued the differentiation phenotypes in PTEN-null Dictyostelium cells. However, mutant PTEN defective in association with the plasma membrane failed to rescue the phenotypes. Similar to differentiation, cell proliferation phenotypes of PTEN-null Dictyostelium cells were rescued by wild-type Dictyostelium and human PTEN-GFP, but not by mutants defective in membrane association. Therefore, the recruitment of PTEN to the plasma membrane is essential for its function in controlling PIP3 levels in cells.
Conclusion and future directions
PTEN-membrane interactions involve assembly of the regulatory membrane-binding interface on the surface of PTEN molecules. This interface is subjected to negative regulation by the inhibitory C-terminal tail. Opening the conformation of PTEN, by releasing this inhibitory mechanism, promotes membrane translocation. The use of D. discoideum made it possible to reveal these key mechanisms and to design ePTEN with increased membrane association and PIP3 phosphatase activity. These new discoveries raise important new questions. For example, although lipid elements, such as PIP2 and PS, are important for PTENmembrane interactions, we do not know whether and how protein components function in recruitment of PTEN to the plasma membrane. Identifying PTEN receptors will be one of the big challenges to understanding PTEN function. Also, it is not clear how PTEN phosphorylation is controlled under different physiological conditions. Understanding the dynamics of PTEN phosphorylation/dephosphorylation is a crucial next step in understanding PTEN regulation. Finally, it will be very important to understand the entire spectrum of cancer-associated mutations that affect interactions of PTEN with the plasma membrane. Answering these questions will facilitate development of cancer interventions that promote the activation of PTEN.
